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ABSTRACT 

Work i n  p r o g r e s s  on an e x p e r t  system which 
r e s t r u c t u r e s  and t u n e s  c o n t r o l  systems on- 
l i n e  i n  r e a l - t i m e  i s  p resen ted .  The e x p e r t  
system c o o r d i n a t e s  t h e  d i f f e r e n t  methods 
i n v o l v e d  i n  r e d e s i g n i n g  and imp lemen t ing  
t h e  c o n t r o l  s t r a t e g i e s  due t o  p l a n t  
changes. 

INTRODUCTION 

A r e s t r u c t u r a b l e  c o n t r o l  system has t h e  
a b i l i t y  t o  r e d e s i g n  i t s e l f  o n - l i n e  t o  
compensate f o r  a s i g n i f i c a n t  change i n  t h e  
p l  a n t .  R e s t r u c t u r a b i  1 i t y  i s  a Val uabl  e 
f e a t u r e  because i t  a1 1 ows a c l  osed-1 oop 
system t o  c o n t i n u e  o p e r a t i n g  i n  an 
a c c e p t a b l e  manner even i n  t h e  f a c e  o f  m a j o r  
changes t o  t h e  p l a n t .  Examples o f  p l a n t s  
w i t h  m a j o r  changes a r e  a i r c r a f t  w i t h  b a t t l e  
damage o r  e n g i n e s  w i t h  f o r e i g n  o b j e c t  
damage. W i t h  an i n v a r i a n t  c o n t r o l  system 
des igned  f o r  t h e  o r i g i n a l  p l a n t ,  an 
a i r c r a f t  t h a t  e x p e r i e n c e d  b a t t l e  damage may 
now o n l y  be a b l e  t o  l i m p  home. I n  t h e  
w o r s t  case i t  would be u n s t a b l e  and c r a s h .  
W i t h  a r e d e s i g n e d  c o n t r o l  system f o r  t h e  
new, a l t e r e d  p l a n t ,  t h e  p l a n e  may be a b l e  
t o  c a r r y  o u t  a l l  o r  p a r t  o f  i t s  m i s s i o n  
w i t h  o n l y  s l i g h t l y  reduced c a p a b i l i t i e s  and 
i t  i s  more l i k e l y  t h a t  i t  w i l l  r e t u r n  
s a f e l y .  

R e s t r u c t u r a b l  e c o n t r o l  i s  appl  i cab1 e t o  
mechanica l  problems such as a c t u a t o r  o r  
c o n t r o l  s u r f a c e  f a i l u r e s .  Most o f  t h e  
r e d e s i g n  s t r a t e g i e s  i n  t h e  l i t e r a t u r e  work 
b y  r e d i s t r i b u t i n g  t h e  f o r c e s  and moments o f  
t h e  f a i l e d  a c t u a t o r  o r  m i s s i n g  s u r f a c e  o v e r  
t h e  r e m a i n i n g  components t o  compensate f o r  
t h e  l o s t  components. The r e s e a r c h  by 
Looze, e t  a1 has c o n c e n t r a t e d  on a l i n e a r  
q u a d r a t i c  a p roach  t o  t h e  r e d e s i g n  
p rocedure  [Ip. Horow i t z ,  e t  a1 ,have 
a p p l i e d  q u a n t i t a t i v e  feedback t h e o r y  t o  
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c o n t r o l  system r e c o n f i g u r a t i o n  [Z] . Raza 
and S i  1 v e r t h o r n  have used t h e  pseudoi  n v e r s e  
o f  t h e  c o n t r o l  m a t r i x  and g e n e r a l i z e d  i n p u t  
v e c t o r s  t o  a c h i e v e  t h e  d e s i r e d  responses pf o r t h o g o n a l  axes [3].  The t e c h n i q u e  

31 i s  s i m i l a r  t o  t h e  c o n t r o l  m i x e r  
concep t  f o r  r e c o n f i g u r a t i o n  d e s c r i b e d  b y  
R a t t a n  141. 
The goa l  o f  t h i s  paper  i s  t o  d e s c r i b e  a way 
t o  t i e  t o g e t h e r  some o f  t h e  p r e v i o u s  work 
i n  t h e  f i e l d  so as t o  ach ieve  a h i g h l y  
s u r v i v a b l e  c o n t r o l  system. A h i g h l y  
s u r v i v a b l e  system can s u c c e s s f u l  l y  
r e s t r u c t u r e  i n  response t o  a m u l t i t u d e  o f  
d i f f e r e n t  f a i l u r e s .  I n  g e n e r a l ,  p r e v i o u s  
r e s t r u c t u r a b l  e c o n t r o l  1 e r s  have been 
s p e c i f i c a l l y  des igned  f o r  a s i n g l e  f a i l u r e  
t y p e .  Each d e s i g n  method used i s  v a l i d  f o r  
i t s  s p e c i  f i c app l  i c a t i o n .  However, none i s 
" o p t i m a l "  n o r  even a p p l i c a b l e  i n  a l l  
s i t u a t i o n s .  Thus, t o  ach ieve  a h i g h l y  
s u r v i v a b l e  system, i t  i s  necessa ry  t o  
i d e n t i f y  t h e  c u r r e n t  d y n a m i c  
c h a r a c t e r i s t i c s  o f  t h e  p l a n t  and t o  
d e t e r m i n e  wh ich  o f  t h e  p o s s i b l e  s o l u t i o n s  
i s  t h e  b e s t  i n  some sense under  t h e  g i v e n  
c i  rcumstances.  To accompl i s h  t h i s  d e c i  s i  on 
making i n  an u n c e r t a i n  env i ronment  w i t h  
p o t e n t i a l  l y  c o n f l  i c t i  ng m i s s i o n  o b j e c t i v e s ,  
some t y p e  o f  i n t e l  1 i gence w i  11 be r e q u i  r e d .  
Hence t h e  concep t  o f  an e x p e r t  system t o  
c o o r d i n a t e  t h e  d i f f e r e n t  r e d e s i g n  
s t r a t e g i e s  i s  proposed. 

An e x p e r t  system c o n s i s t s  o f  t h r e e  
i ndependen t  p a r t s :  an i n f e r e n c e  engine,  a 
r u l e  base, and a knowledge base. The r u l e  
base i s  a s e t  o f  h e u r i s t i c s  o r  r u l e s - o f -  
thumb wh ich  a p p l y  t o  t h e  t y p e  o f  p rob lem a t  
hand. The knowledge base i s  a c o l l e c t i o n  
o f  i n f o r m a t i o n  s p e c i f i c  t o  t h e  c u r r e n t  
s i t u a t i o n .  The i n f e r e n c e  e n g i n e  i s  a 
program wh ich  a p p l i e s  t h e  r u l e s  t o  t h e  
knowledge base i n  o r d e r  t o  g l e a n  new 
i n f o r m a t i o n  o r  t o  de te rm ine  i f  an 
assumpt ion i s  j u s t i f i e d .  When new 



information i s  asserted, i t  i s  stored i n  
the knowledge base. 

BACKGROUND 

The idea of restructurable control h a s  
appeared recently, mainly with respect t o  
a i rcraf t .  Battle damage has been 
considered a perfect application for  the 
research. Commerci a1 a i  rl i ners are a1 so a 
possible vehicle f o r  the work. Several 
accidents and near accidents where the 
p i l o t  was able t o  recover and l a n d  the 
plane af ter  analyzing the problem have been 

control [5]. 

Thus this strategy i s  very attractive for 
b o t h  civil ian and military aeronautics and  
p ropu l s ion  applications. Creating the 
abi l i ty  i n  a plane t o  restructure i t s  
control system af ter  damage t o  continue a t  
a level of performance similar t o  i t s  
o r i g i n a l  design specifications i s  h i g h l y  
desirable. I t  i s  a l s o  impor tan t  t o  
remember t h a t  the main ideas here are n o t  
1 imi ted t o  airplanes. They can be a p p l  ied 
t o  a wide variety of systems w i t h  inherent 
redundancy. 

EXPERT SYSTEM COMPONENTS 

The proposed overall structure of the 
expert system i s  shown i n  Figure 1. I t  
consists of (1) an inference engine, ( 2 )  a 
cont ro l  system restructuring knowl edge a n d  
rule base, and  ( 3 )  a controller t u n i n g  
knowledge and rule base. The cont ro l  
system restructurer i s  already p a r t i a l l y  
implemented. In the future we p l a n  t o  
incorporate an on-line controller t u n i n g  
expert system i n t o  the overall system. I t  
w i l l  share the inference engine w i t h  the 
reconfiguration expert system. 

A n  inference engine can work w i t h  any 
appropriately structured k n o w l  edge base and 
rule base; i t  i s  n o t  linked i n  any way t o  
the application. Likewise, a rule base can 
be used w i t h  any appropriate knowl  edge 
base. 

I discussed i n  relation t o  restructurable 
I 

The inference engine developed f o r  this 
app l  i cati on i s capable of performi ng 
symbol ic  and numerical cal  cul a t i  ons 
required t o  evaluate certain rules. I t  can 
a1 so execute general i zed rules w i t h  
previously established facts from the 
knowledge base t o  infer new facts.  In 
a d d i t i o n ,  i t  has the a b i l i t y  t o  perform 
wha t - i f  type reasoning by t r y i n g  different 
scenarios i f  more than  one i s  appropriate. 

The knowledge base of  the restructurable 

control system consists of in format ion  
about  the p l a n t  a n d  control systems. For  
a linear system such parameters as the 
system matrices and the o r i g i n a l  con t ro l  1 e r  
ga ins  are stored. There are also 
specifications on the actuators such as 
1 i near ranges and characteristics. 
Information stored here can change i n  
response t o  p l a n t  changes. I t  i s  changed 
or updated as new f a c t s  become available. 

The rule base of the cont ro l  system 
restructurer contains rules a b o u t  control 
system design. These range from top-level 
control design methods t o  low-level details  
such as definitions of  controllabil i ty and 
observabi 1 i t y .  The rules may contain 
numerical expressions t o  be evaluated (such 
a s  whether a realization is  m i n i m a l )  and  
may contain variables t o  be given values by 
the inference engine d u r i n g  the discovery 
of new facts .  

A separate knowledge base w i l l  be required 
fo r  the t u n i n g  system. I t  w i l l  con ta in  
response characteristics associated w i t h  a 
well-tuned loop  of the type i n  question. 
I t  a l s o  will have d a t a  on the previous 
responses obtained i n  the t u n i n g  process. 

A rule base for controller t u n i n g  w i l l  be 
created also. The heuristics w i l l  use the 
previous t u n i n g  and p l a n t  in format ion  t o  
determine an appropriate t u n i n g  pa rad igm.  

Figure 2 shows the interaction of  the two 
expert systems w i t h  the overall system. 

SYSTEM CAPABILITIES 

Figure 3 shows the anticipated future setup 
of the overall system. I t  shows a 
hierarchy w i t h  an expert system receiving 
information from a system identifier and  a 
pattern extractor. This informat ion  i s  
used i n  the restructuring of  the control 1 er  
f o r  the altered p l a n t .  In  the current 
setup, the p l a n t  simulation, the 
controller, a n d  the expert system are a l l  
written i n  compiled LISP r u n n i n g  on an LMI 
Lambda L I S P  machine. The system identifier 
and  the pattern extractor are n o t  yet 
implemented. The simulation consists of  a 
realization of a linearized system i n  the 
form of matrices ( A , B , C , D )  and  the s ta tes  
are evolved using E u l  er  integration. 
Presently the expert system uses a model o f  
the p l a n t  directly from the simulation. 
The linear model i s  of  the form 

2 = Ax + Bu 

y = Cx + D u  
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A change i n  t h e  model prompts t h e  e x p e r t  
system t o  a n a l y z e  and r e d e s i g n  t h e  c o n t r o l .  
The new c o n t r o l l e r  r e p l a c e s  t h e  o l d  one i n  
t h e  s i m u l a t i o n  and t h e  s t a t e s  c o n t i n u e  t o  
e v o l  ve.  

The r e s t r u c t u r i n g  s t r a t e g i e s  t h a t  t h e  
e x p e r t  system can c u r r e n t 1  use i n v o l v e  t h e  
pseudo inve rse  o f  B [3,4f. The e x p e r t  
system t a k e s  a r e a l i z a t i o n  (A,B,C) and 
m a n i p u l a t e s  i t , u s i n g  t h e  Kalman S t r u c t u r e  
Theorem f o r  i n s t a n c e ,  u n t i l  i t  i s  m in ima l  
and BTB has f u l l  r a n k .  I f  t h e  e x p e r t  system 
can a c h i e v e  t h i s  g o a l ,  t h e  e q u a t i o n  

K = (BTB)-'BT(A - (A, - BOKo)) 

i s  used t o  d e t e r m i n e  t h e  new c o n t r o l l e r  
m a t r i x .  Here A and B a r e  t h e  a l t e r e d  
system m a t r i c e s  and (A, - BOK) i s  t h e  
reduced o r d e r  v e r s i o n  o f  t h e  cy osed-1 oop 
system m a t r i x  o f  t h e  f u l l  o r d e r  model.  

Examples o f  t h e  h e u r i s t i c s  used i n  t h e  
s i t u a t i o n  d e s c r i b e d  above a re :  

1 .  i f  (A,B,C) i s  c o n t r o l l a b l e  and 
o b s e r v a b l e  

t h e n  r e a l i z a t i o n  i s  m in ima l  
2. i f  BTB i s  f u l l  r a n k  

t h e n  pseudo inve rse  o f  B e x i s t s  
3. i f  A,B,C i s  n o t  m in ima l  and 

[A,B,C] i s  minimum phase 
t h e n  f i n d  a m in ima l  r e a l i z a t i o n  

4. i f  pseudo inve rse  o f  B e x i s t s  and 
r e a l i z a t i o n  i s  m in ima l  

t h e n  
K = (BTB)-'BT(A - (A, - BOK,)) 

These r u l e s ,  p r e s e n t e d  h e r e  i n  pseudo-code, 
a r e  t h e  t y p e  o f  h e u r i s t i c s  c o n t a i n e d  i n  t h e  
r u l  e base. 

A u s e r  i n t e r f a c e  e x i s t s  f o r  use i n  t h e  
development s tage .  I n  a d e l i v e r y  system 
t h e r e  w i l l  be no need f o r  such an 
env i ronmen t  as t h e  system w i l l  r u n  w i t h o u t  
human i n t e r v e n t i  on. 

The e x p e r t  system r u n s  o n l y  when invoked,  
f o r  example when t h e  c o n t r o l  needs t o  be 
redes igned .  C u r r e n t l y ,  i t  i s  i nvoked  b y  
m a n u a l l y  s t o p p i n g  t h e  s i m u l a t i o n  and 
r u n n i n g  t h e  e x p e r t  system. The s i m u l a t i o n  
must t h e n  be r e s t a r t e d .  T h i s  i s  necessary 
a t  p r e s e n t  because t h e  s i m u l a t i o n  and t h e  
e x p e r t  system b o t h  r u n  on t h e  same 
p r o c e s s o r  and no system i d e n t i f i c a t i o n  
scheme has y e t  been implemented. I n  t h e  
f u t u r e  t h e  i d e n t i f i e r  w i l l  communicate w i t h  
t h e  e x p e r t  system and cause i t  t o  s t a r t  
r e d e s i g n i n g  when a s i g n i f i c a n t  change i n  
t h e  system m a t r i c e s  o c c u r .  

CONCLUDING REMARKS 

The e x p e r t  system i s  a b l e  t o  h a n d l e  a 
v a r i e t y  o f  r e c o n f i g u r a t i o n  s i t u a t i o n s .  Fo r  
t h e s e  cases, t h e  new c o n t r o l l e r  i s  des igned  
and implemented i n  a m a t t e r  o f  seconds. 
N a t u r a l l y  t h e  r e d e s i g n  t i m e  depends on t h e  
o r d e r  o f  t h e  system. 

A t  p r e s e n t  a few o f  t h e  c o n t r o l  d e s i g n  
a l g o r i t h m s  f r o m  t h e  1 i t e r a t u r e  have been 
implemented. More have t o  be i n c l u d e d  i n  
a d d i t i o n  t o  i n c o r p o r a t i n g  any o t h e r  work,  
b o t h  new and e x i s t i n g ,  t h a t  i s  deemed 
necessa ry  f o r  t h e  system t o  work w e l l .  

Some work has been done i n  t h e  a r e a  o f  
c o n t r o l  1 e r  t u n i n g  by p a t t e r n  r e c o g n i t i o n  
t e c h n i q u e s  f o r  s i n g l e - i n p u t  s i n g l e - o u t p u t  
systems [6]. We i n t e n d  t o  e x t e n d  t h e  
methodology t o  mu1 t i p l e - i n p u t - m u 1  t i p l e -  
o u t p u t  systems. 

C u r r e n t l y  t h e  LISP machine i s  d o i n g  t h e  
numer i ca l  c a l  c u l  a t i  ons. Fo r  t h e  system t o  
r u n  i n  r e a l  t i m e ,  t h e  number c r u n c h i n g  w i l l  
have t o  be moved o f f  t h e  LISP p r o c e s s o r  t o  
a numer i c  p r o c e s s o r  such as an a r r a y  
p r o c e s s o r .  

A system i d e n t i f i e r  w i l l  be implemented i n  
t h e  f u t u r e .  I n  t h e  near  t e r m  one m i g h t  be 
implemented on t h e  LISP machine. 
Even tua l  l y  a m i  c roprocessor-based system 
i d e n t i f i e r  s h o u l d  be connected t o  t h e  p l a n t  
and s i g n a l  t h e  e x p e r t  system i f  a 
s i g n i f i c a n t  change o c c u r s  i n  t h e  model.  

An on-1 i ne p a t t e r n  e x t r a c t o r  whi ch w i  11 
d e t e r m i  ne t h e  response f e a t u r e s  w i  11 a1 so 
have t o  be developed.  These f e a t u r e s  w i l l  
be passed t o  t h e  knowledge base o f  t h e  
t u n i n g  e x p e r t  system. 

The s i m u l a t i o n  c u r r e n t l y  r e s i d i n g  w i t h i n  
t h e  Lambda w i l l  be moved t o  an A p p l i e d  
Dynamics AD100 s i m u l a t i o n  computer.  T h i s  
w i l l  a l l o w  a f u l l  n o n l i n e a r  s i m u l a t i o n  t o  
be implemented and i t  w i l l  r u n  i n  r e a l  
t i m e .  When t h e  i n t e r f a c e  between t h e  two 
i s  completed,  t h e  c a p a b i l i t y  w i l l  e x i s t  t o  
t e s t  t h e  e x p e r t  system i n  a r e a l i s t i c  
s i t u a t i o n .  
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Figure 1 - Structure of the Expert Systems 
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Figure 2 - Expert System Interaction with Overall System 
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Figure 3 - Overall Hardware Configuration 
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